The relationship of malate synthesis to K absorption from solutions of K2SO4 and KHCO3 was compared in nonvacuolate barley (Hordeum vulgare) root tips and whole excised roots. The comparison has permitted separation of the process which evokes organic acid synthesis from that which leads to stoichiometry between net acid equivalents formed and excess K+ absorbed from K2SO4, on the one hand, and total K+ absorbed from KHCOs, on the other. Both in tips and in roots K+ uptake from 20 mN salt solution exceeds malate synthesis in the first hour. In vacuolate roots the expected stoichiometry is achieved with time. When root tips are transferred to dilute CaSO4, malate is rapidly metabolized, and K+ is lost to the solution. By contrast, in excised whole roots the malate level remains unchanged, the salt-induced organic acid presumably being retained in the vacuole. In excised roots malonate leads to a marked drop in malate levels in untreated roots as well as in roots which have experienced salt-induced net malate synthesis. In consequence, it is contended that malonate makes available normally sequestered vacuolar malate.
The time-honored observation linking organic acid synthesis in plant tissue to preferential cation uptake is still attended by the primordial questions of what elicits synthesis, and why there is a stoichiometric relationship between the equivalents of acid produced and the excess of cation absorbed over the counter anion taken up. It has been amply established that the organic acid synthesis which accompanies excess cation absorption is the result of dark CO, fixation (3, 14, 17, 18, 43) , and it remains to determine the manner in which one or more of the multiplicity of carboxylating enzyme sys-'Supported by Contract tems (11, 40, 47) is influenced by the act of preferential cation uptake, and the reason the response bears such a provocative quantitative relationship to the causative event.
Rather different explanations have been offered for the phenomenon under consideration. On the one hand, it has been suggested by Burstrom (3) , and subsequently by others, that additional organic acid synthesis is directly evoked by what is in effect the titration of cytoplasmic organic acid, specifically, the conversion of malic acid to malate. The titration may be accomplished by the exchange of cytoplasmic H+ for external cation (15, 17, 18, 43) , or by the metabolism of cytoplasmic NO,-, with consequent NH. formation (3) . Alternatively, it has been suggested that the signal for enhanced organic acid synthesis is the withdrawal to the vacuole of the organic acid salt formed by H+/ cation exchange (42) . For reasons developed below we have abandoned the notion that sequestration of organic acid salt in the vacuole elicits organic acid synthesis. However, we impute the observed stoichiometry to vacuolar uptake. Bicarbonate and high external pH have both been implicated in organic acid synthesis, and the explanation of the influence of each has ranged from the direct involvement of bicarbonate (14, 37) to the influence of pH per se (32) .
At salt concentrations in the range of system 2 (20 mM; see Refs. 9, 21, 41) Torii and Laties (42) observed "4C-bicarbonate incorporation into malate by nonvacuolate root tips of maize or barley to be much the same in solutions of KCl and K,SO,.
By contrast, in agreement with a welter of studies with vacuolated roots (10, 12, 17, 18, 43) , K&SO, a salt with a poorly absorbable anion, evoked pronounced organic acid synthesis compared with KCl. Since we have taken system 2 to represent tonoplast transport (21), we have been prone to emphasize the role of the tonoplast in organic acid synthesis. However, Hiatt (10) has unequivocally demonstrated net organic acid synthesis in response to preferential cation uptake in the system 1 range (up to 0.5 mM), a range in which plasma membrane transport is presumably in kinetic control (21, 41) . While overt net synthesis takes longer at low concentrations, the characteristics of the process are the same as at high external salt levels. In connection with Hiatt's observations it is to be emphasized that in absorption periods of 6 hr the bulk of salt absorbed is delivered to the vacuole, even at low external concentrations (5, 29) . Thus, with no further information it might be deduced that control of organic acid synthesis is related to tonoplast transport even at salt concentrations in the range of system 1.
To resolve the apparent anomaly between the observations of Torii and Laties (42) and those of Hiatt (10) , and to examine more rigorously the question of the relation of vacuolation to salt-induced organic acid synthesis, we have compared salt-induced organic acid synthesis in nonvacuolate root tips and vacuolate-excised roots, this time on the basis of net malate synthesis rather than on the incorporation of 'CO2.
Our studies have unequivocally implicated preferential cation uptake to the cytoplasm as the cause of salt-induced organic acid synthesis, and at the same time have re-emphasized the inadequacy of 4CO0 incorporation into malate as a quantitative criterion of induced synthesis.
A comparison of salt-induced organic acid synthesis in tips and in subapical root tissue has allowed a separation of the synthetic events from the sequestration process and has demonstrated the independence of synthesis and stoichiometry. Furthermore, studies with root tips have shed light on the availability of cytoplasmic malate to mitochondrial metabolism (23) .
MATERIAIS AND METHODS
Barley (Hordeum vulgare, var. Sacramento) was grown as previously described (41, 42) (13) .
In order to study cytoplasmic changes in organic acids in response to preferential cation absorption, the plan was to use short experimental periods and low external salt concentrations, conditions designed to accentuate events in the cytoplasm (5, 31). However, since salt-induced net malate synthesis proved immeasurably low under such conditions, we turned our attention to root tips where, because of the absence of vacuoles, high salt concentrations could be used without ambiguity arising from the influence of tonoplast transport on organic acid synthesis. The enhancement of K+ uptake by bicarbonate is accompanied by a marked increase in organic acids (14, 43) . In consequence we investigated the effect of KHCO. on root tips and compared the relative effects of KCI and K,S04. To examine the influence of K1S04 unambiguously, the pH was adjusted to 4.5 in given experiments to preclude any bicarbonate effect. The effect of pH per se is of minor importance in the range from 4 to 8 (14, 19) .
The malate content of barley root tips increased considerably during a 1-hr incubation period in either 20 mN KHCOO or KS04; KCI induced only a very small amount of malate synthesis (Table I) . Potassium uptake by the tips from KCI and K,S0, was similar, and about half that from KHC0O. Malate increase in KHCOO was in turn about double that in K,S04. In both K2S0, and KHCO8, the increase in equivalents of malate in the tissue during the 1-hr incubation period was only about 40% of the equivalents of potassium absorbed, as measured by "Rb uptake.
Transfer of barley root tips to dilute CaSO, (0.4 mN) subsequent to a 1-hr 20 mN KHCOs pulse resulted in a rapid decrease of previously synthesized malate. Almost all of it disappeared within about 3 hr (Fig. 1) . In similar experiments with excised whole roots ( Fig. 1) , malate synthesis continued after the 1-hr pulse period in 20 mN KHCO8. During the 1st hr after transfer to CaSO, malate content increased by approximately the same amount as during the pulse period. Also, in contrast to root tips, the amount of malate in intact roots did not change when net synthesis stopped after the 1st hr in CaSO4, but rather remained almost constant for several hours. These (10, 17, 18, 43) , the relative excess of absorbed potassium over the increase in malate content decreases with incubation time (Fig. 3) Figure 3 . While bicarbonate obviously serves as a reactant in carboxylation by PEP3 carboxylase (see "Discussion"), it may conceivably exert an indirect effect as a buffer, serving to remove cytoplasmic H ions exchanged for external K+. To examine the possibility that bicarbonate acts simply by lowering the external hydrogen ion level, excised roots were incubated for 1 hr in 20 mN K,SO,, pH 4.5, at root to medium ratios of 0.2 g/ 10 ml to 0.2 g/ 100 ml. Neither potassium uptake nor malate synthesis was significantly affected by the variation in medium to root ratio. (47) , the former yielding oxalacetate and ATP (from ADP), and the second yielding malate directly from the NADPH-linked reductive carboxylation of pyruvate. In all cases it is malate which accumulates owing to the prevalence of cytoplasmic malic dehydrogenase (38) .
Freely reversible carboxylating reactions-such as those mediated by PEP carboxykinase or malic enzyme-will not favor prolonged net organic acid synthesis which depends upon the attainment of equilibrium. The assertion is particularly true where the enzymes in question coexist with PEP carboxylase, which mediates the virtually irreversible carboxylation of PEP to OAA. Since the enzymes in question are found together in barley root cytoplasm (8, 11) [14, 16, 43] ), bicarbonate has a profound effect.
Thus we are led by indirect considerations to the view that bicarbonate is the significant species involved in salt-evoked carboxylation. While the Km for HCO-for PEP carboxylase is quite low (less than 1.0 mM: [16, 27, 45] ), the bicarbonate level in the cytoplasm can nevertheless be expected to be in a range where PEP carboxylase activity is proportional to bicarbonate concentration. As mentioned above, the steady state cytoplasmic CO2 concentration must be less than 0.2 mm. The predominant buffering agent in the cytoplasm is in all likelihood the cytoplasmic protein itself, and more particularly, in the range pH 6 to 7, the three to four imidazolium histidine groups per hundred protein amino acids (on the basis of roughly 9 g of protein per kg root wet weight [24, 36] elicited by preferential cation uptake, and it does. Bicarbonate is readily absorbed and serves as counterion, so that bicarbonate actually stimulates K uptake, and preferential cation uptake is not at issue where the bicarbonate salt is involved (14, 18, 37) . The very fact that bicarbonate uptake matches K+ absorption implicates bicarbonate as the species fixed. Were CO2 fixed, cytoplasmic H+ would be exchanged for external K+, and there would be no cause for bicarbonate uptake. While K+/H5 exchange is the prime mover in organic acid synthesis related to preferential cation uptake, exchange is in turn sustained by acid synthesis. Without synthesis, the cytoplasmic pH would continue to rise-presumably beyond physiological levels, with an attendant diminution of exchangeable H+. K+/H+ exchange does not provide the basis of the observed stoichiometry, however, since the amount of bicarbonate formed in consequence of the exchange depends in part on the buffer capacity of the cytoplasm. The transport of the double salt to the vacuole not only imposes stoichiometry, but in removing K+ from the cytoplasm further favors K+/H+ exchange. The latter influence of vacuolar transport is to be seen in the inhibitory effect of NH,Cl on K+ uptake from potassium bicarbonate, compared with the failure of NH4Cl to inhibit KCI absorption (16) . While KC1 is transportable to the vacuole, as is potassium malate, potassium aspartate (OAA amination product) apparently is not. Furthermore, malate has been found to be an effective inhibitor of PEP carboxylase in corn roots (39) , so that malate transport to the vacuole provides yet another indirect positive influence on cytoplasmic malate synthesis.
Since stoichiometry stems from vacuolar transport, and not from the uptake process per se, it is easy to see how carboxylation may persist after the tissue is removed from the appropriate salt. Under conditions where the rate of K+/H+ exchange exceeds that of carboxylation, bicarbonate builds up to some extent and sustains subsequent carboxylation. Rapid bicarbonate absorption will have the same effect. As shown herein, in nonvacuolate root tips stoichiometry is not a feature of preferential cation uptake from K2SO4, nor of K uptake from KHCO,. Further, stoichiometry is frequently not observed in short uptake periods in root sections of vacuolate cells, while being typical of prolonged uptake.
Finally, there is direct evidence of bicarbonate involvement.
Hurd has established that the effect of bicarbonate on K uptake is due to bicarbonate per se and not to pH (14) . pH has a minimal effect on absorption in the range 5 to 8 (19, 44, cf. 14). The direct influence of bicarbonate has been demonstrated by Steward and Preston (36) and by Jackson and Coleman (16) and is evident in the early work of Ulrich (43) , and of Poole and Poel (32) . While phosphate at pH 7.5 elicits extensive organic acid synthesis (17, 18, 23, 35) , phosphate at pH 5.0 has no effect (26). Maruyama et al. (27) have directly implicated bicarbonate as the reactive species in carboxylation mediated by peanut cotyledon PEP carboxylase by noting the distribution of SQ in OAA and inorganic phosphate following the fixation of 10-labeled bicarbonate. In connection with the report that CO, is the reactant in maize leaves (46) it is noteworthy that Mukerji and Ting (28) have described three forms of PEP carboxylase in cotton leaf tissue. With the existence of isoenzymes of PEP carboxylase it becomes urgent to establish separately the reactive species for each isoenzyme. Evidence herein favors bicarbonate involvement in PEP carboxylase-mediated carboxylation in roots (12, 16-18, 42, 43 
